The analysis of Ca-K line spectra as a function of solar latitude and integrated over longitudes taken during the period of 1989-2011 indicates that the K 1 width attains maximum amplitude at various latitude belts at different phases of the solar cycle. The FWHM of the K 1 distribution at different latitudes shows that its width varies by about 30% for the equatorial belt (<30
INTRODUCTION
It is generally believed that the solar magnetic field generated at the base of the convection zone by a dynamo process leads to magnetic and solar activities on the Sun's surface. The observed systematic variation in the activity on the solar surface has been used to study recycling of two components of magnetic fields, namely, the toroidal and poloidal components through meridional flow (Choudhuri et al. 1995) . The flow of material in the meridional plane from the solar equator toward the Sun's poles and from the poles toward the equator deep inside the Sun to carry the dynamo wave toward the equator plays an important role in the Sun's magnetic dynamo (Choudhuri et al. 1995; Charbonneau 2007) . Howard & Labonte (1981) found that formation of polar fields is due to the migration of weak magnetic field toward the pole. The observed weak fields at polar regions are due to the poloidal field generated from the solar dynamo process and the poleward migration of smallscale magnetic fields of decaying solar active regions. The aforementioned processes may be responsible for the reversal of the polarity of the poloidal field at the polar region (Leighton 1964; Makarov & Tlatov 1999) . Recent studies of dynamo models suggest that meridional flow toward the equator plays an important role in transporting the toroidal component of the magnetic field (Hathaway et al. 2003 and references therein). The toroidal component of the magnetic field emerges to the surface due to buoyancy and appears as sunspots. The weak diffused field observed outside the sunspots are known as the poloidal component caused by the migration of magnetic flux from decaying active regions (the Babcock-Leighton process). The magnetic field data of the Sun has been analyzed by many researchers to study the variations of the magnetic field with the solar cycle (Jin & Wang 2012) . The variations in the polar regions have implications for predicting the next cycle (Schatten et al. 1978; Choudhuri et al. 2007; Munoz-Jaramillo et al. 2013 ). Analysis of low-resolution magnetograph data indicated that during the minima of cycles 20 and 21 the magnetic field peaked at the polar regions Wang & Sheeley 1988 ). Raouafi et al. (2007) observed that the density of magnetic elements decreases close to the polar regions. They concluded that the field strength is relatively flat at a latitude of 55
• until latitudes of 75 • and then decreases by more than 50% toward the pole. Jiang et al. (2009) argued that the observed decrease in the field in polar regions could be due to a weak equatorward meridional flow at high latitudes with speed of a few m s −1 . However, Worden & Harvey (2000) pointed out that measurements beyond the 75
• latitude poorly represents flux distribution because of canopy effects and geometrical foreshortening of features. Meridional flows are very weak (10 to 20 m s −1 ) and difficult to measure in the presence of strong flows due to granulation, super-granulation, and differential rotation on the surface of the Sun (Hathaway 1996; Hathaway & Rightmire 2010) . The variations in the Ca-K line profiles due to the variations in solar activity as a function of latitude with the solar cycle phase are likely to be caused by meridional circulation and thus such studies may help us understand the meridional flow and therefore the solar dynamo.
The variations in chromospheric flux using Ca-K at all timescales is important to understand the solar dynamo because of the relation between the Ca-K line and the magnetic fields on the Sun (Leighton 1964; Skumanich et al. 1975; Sivaraman & Livingston 1982; Ortiz & Rast 2005) . The short timescale variation gives the information about the dynamics and energy transport in the chromosphere, whereas the long period variations provide valuable data to understand the dynamo process. The observed Ca-K line irradiance variations with solar cycle is due to the contribution of various features such as plages and enhanced active and quiet network areas to the flux. Also, flux modulation occurs because of varying contributions with latitude and longitude due to limb darkening. The irradiance variations in the Ca-K line have been studied by many researchers using long time series of spectroheliograms Foukal et al. 2009; Ermolli et al. 2009; Priyal et al. 2013) assumed plage areas to be a proxy for chromospheric irradiance. Worden et al. (1998) analyzed Ca-K line spectroheliograms to identify the different features using the intensity contrast technique to study solar cycle variations. Walton (2003) concluded that faculae are responsible for 80% of the solar cycle variations, whereas Ermolli et al. (2003) estimated that during the ascending phase of the solar cycle (years 1996-2002 ) the network contributes 40%-50% to the solar cycle variations. The detection of small-scale features in the Ca-K line images at polar regions is strongly affected by the seeing conditions during the observations and the foreshortening effect due to its location on the Sun. Counts of polar faculae (Sheeley 1991) representing the polar fields are also strongly affected by visibility and foreshortening effects; these are difficult to correct.
In an alternative effort to study the irradiance variation with the solar cycle phase, the monitoring of Ca-K line profiles was started by a number of researchers in 1969 (White & Livingston 1978; Oranje 1983; Keil & Worden 1984; Sivaraman et al. 1987; Bertello et al. 2011 ). We at the Kodaikanal Observatory extended the methodology of observations to obtain the spectra of the Ca-K line as a function of latitude while the spectra along the visible longitudes during the exposure time was integrated by moving the solar image on the slit of the spectrograph in the E-W direction of the Sun (Singh et al. 2004) to study the chromospheric variations as a function of latitude and solar cycle phase. The observed spectral profiles at the polar regions, integrated over the visible longitudes on a daily basis, will not suffer from the aforementioned effects. In this article, we report the systematic shift in solar activity as a function of latitudes and the amplitude of variations at different latitudes, especially in the polar regions that will have implications in the modeling of solar dynamo.
OBSERVATIONS AND DATA ANALYSIS
The Ca-K line profiles were obtained from the Kodaikanal Solar Tower Tunnel Telescope on a daily basis starting from 1986 until 2011. A three-mirror coelostat system of the 60 cm aperture collects the sunlight and directs the beam to the 37 cm objective of the 36.6 m focal length which forms a 34 cm size image of the Sun on the slit of the spectrograph. The spectrograph of 18.3 m focal length, operated in Littrow arrangement with a 600 line mm −1 grating blazed at 2.5 μm at the first order, provides a dispersion of 9.34 mm/ Å in the sixth order around the Ca-K line at 3933.68 Å. The spectrograph with a 100 μm slit width provides a spectral resolution of 11 mÅ in the sixth order around the Ca-K line at 3933.68 Å. The CCD detector of 24 μm pixel size provided a spatial resolution of 0. 14 along the slit direction. The spectral observations are seeing limited with 1 to 2 prevailing at the Kodaikanal Observatory. We made the observations initially in the sixth order using the photographic emulsion and later in the fifth order because of the smaller size of the available CCD detector. We moved the 34 cm image of the Sun on the slit of the spectrograph along a particular latitude in the E-W direction at a uniform speed. This has been achieved by moving the second mirror of the coelostat using a motorized mechanism to integrate the spectra along the solar longitudes during the exposure time for each spectra. The details of observations and data analysis are given in Singh (1989) and Singh et al. (2004) .
First, we computed an averaged Ca-K line profile by considering all the observed profiles in the 0 to 10
• latitude interval. The same procedure was adopted for other profiles at an interval of 10
• starting from 0 • to 70
• latitude. The line profiles obtained from 70
• until the solar limb were averaged over the whole range. This procedure helps in reducing the photon noise and yields a smooth profile. The intensity of the profile varies at each latitude due to limb-darkening effect but we are using the data for statistical average studies, and it will not affect the study of relative variations in the line parameters with the solar cycle at each latitude. Therefore, corrections to the profiles due to limb darkening are not made and may be very difficult as the profiles have already been averaged over the visible longitudes while making observations. In this paper the average profile of 0-10
• is referred to as the 5
• latitude profile and other profiles are similarly referred to by their average latitude. It may be noted that spectra for the 70
• latitude to the limb (referred as 80
• spectra) have seasonal variation in the representative chromospheric area due to the visibility of the different polar regions. All profiles were normalized by using the residual intensity at 3935.16 Å on the red wing of the Ca-K line as 13% of the continuum intensity (White & Suemoto 1968 ) and used to determine the K 1 and K 2 widths. It may be noted that while normalizing the profiles, we assume that the residual intensity at the 3935.16 Å wavelength is the same for all features during all phases of the solar cycle as pointed out by Sivaraman et al. (1987) . Any variation in the residual intensity at this wavelength and scattering in the spectrograph and transparency of the sky are likely to affect the measurement of the K index and intensity ratios. The determination of the K 1 width remains unaffected by the aforementioned factors since K 1 is the separation between the two valleys K 1v and K 1r of the Ca-K line profile. The similarly measured K 2 width remains unaffected by these factors as it is the separation between the two peaks K 2v and K 2r . Thus, the observed K 1 and K 2 widths are better parameters for the investigation of cyclic variations than the K index, especially for the study of variations of activity as a function of latitude. Finally, we have data for 807 days, spread over a period of 21 yr starting from 1989 until 2011, that can be used to investigate the long period variations over the 10
• latitude intervals with time. Several gaps in the data are due to the use of the telescope for other observations and bad sky conditions, which do not permit the study of short period variations.
We have also determined the line profiles at different longitudes near zero degree latitude without scanning during the minimum phase of the solar cycle. Sometimes we observed spectra at different latitudes near the central meridian without scanning the image to integrate spectra over the visible longitudes during the minimum phase of the solar cycle, when there were no Ca-K plages on the visible part of the solar disk, so that the variations in the widths are only due to latitude only. The profiles over the longitudes and respective latitudes are similar during the minimum phase of the cycle as expected, indicating symmetric behavior from the Sun center to the solar limb. Then we make a plot as shown in Figure 1 to compare the K 1 and K 2 widths, with and without integration along the longitudes. In Figure 1 we show K 2 widths as a function of distance from disk center in degrees, without integration over longitudes, by triangles and the widths with integration over longitudes by diamonds. The plot shows K 2 widths for both cases up to 65
• latitude but it shows the K 2 width at 75
• (weighted average latitude) for the case of integrated spectra over the longitudes and at 80
• for spectra without integration along longitudes since we have not obtained the spectra at 75
• latitude/longitude without integration.
We have also compared the center-to-limb variations of the K 2 widths with the one obtained by Engvold (1966) , who studied the variation of the K 2 width as a function of longitude. This is shown in the plot by asterisks. The comparison shows that the values we obtained match well with the values obtained by Engvold (1966) at all longitudes, with a small difference of 0.002 Å up to 65
• latitude. This small difference between the two could be related to the spectral resolutions of observations or some uncertainty in the measurements. The difference in the K 2 width at 80
• (0.03 Å) may be because the spectrograph slit is located at the required position on the Sun's image due to the large projection effect near the solar limb.
In the same plot, we have also shown the variations of the K 1 width as a function of latitude. This has been shown for both non-integrated spectra at the central meridian and integrated spectra over the longitude belt. In the plot the K 1 values for the integrated spectra are shown by the crosses and the nonintegrated spectra by squares. The comparison of K 1 and K 2 widths at their respective latitudes indicates that K 1 and K 2 widths increase with latitudes as expected. The values of the K 1 and K 2 line width at various latitudes and integrated over visible longitudes are systematically larger than those without integration along longitudes up to 65
• as seen in Figure 1 ; the trend continues for higher latitudes. The larger values for the spectra integrated along longitudes are due to contributions from the larger longitudes where the widths will be larger compared to the central meridian.
Here we are not emphasizing the variations in profiles as a function of latitude but studying the variation in profiles as a function of time, especially with solar cycle. For the quiet Sun, the effect of averaging along the 10
• latitude and integration along the longitudes is expected to remain constant for the chosen latitude belt over the solar cycle. The temporal variations in activity in the chosen latitude belt will cause variations in the Ca-K line profile according to the strength of the activity above the profile for the quiet Sun. We are confident that the reported results on the long-term variations in the line profile width are due to variations in the activity on the Sun and not due to averaging or center-to-limb variations.
RESULTS

Long-term Variation in the K 1 Width at All Latitudes
To study the variations of line widths with confidence, we removed the outliers from the K 1 and K 2 width data by restricting the values up to 2σ level. The percentage variation in the K 1 width during the solar cycle ranged between 15% and 40% for different latitudes whereas variations in K 2 width ranged between 5% and 15% only. Here we show the results for the K 1 widths only as the findings from the K 2 widths are in agreement with those of the K 1 widths. Figures 2 and 3 show day-today variations of the K 1 width with time for the period of 1989-2011 for different latitude belts at an interval of 10
• for the northern and southern hemispheres, respectively. The scatter in the values is due to day-to-day variations due to activity and solar rotation modulation, not because of uncertainty in measurements (Scargle et al. 2013) . To study the long period variations, the K 1 line width has been averaged over a period of six months and is shown in Figures 2 and 3 by red asterisks. The half-yearly averaged Sunspot numbers are also plotted for comparison. The figure shows that the K 1 width varies with large amplitude in the equatorial belts as compared to that in mid latitudes and polar regions. Further, the figure shows that during the maximum activity of sunspot, the K 1 width is maximum around the 25
• latitude belt in the northern hemisphere. A similar trend was seen in the southern hemisphere too. The mean with σ values of K 1 and K 2 widths after the removal of outliers are listed in the second and fifth columns of Table 1, respectively. From the table it is clear that the mean the K 1 width decreases from the low-latitude to mid-latitude belt and then onward it increases toward the poles. A similar trend of decrease-increase is observed in both the hemispheres. 
Differences in the Distribution of the K 1 Width at Equatorial and High Latitude Belts
To study the variations in widths, we made the histograms of the K 1 widths for each latitude belt in both hemispheres (Figure 4) . The distribution shown in red is for the southern hemisphere and the one in blue is for the northern hemisphere. We could not study both the cycles separately because the data for cycle 22 are incomplete. The third and sixth columns in the table list the range (Max. -Min.) of K 1 and K 2 widths, respectively. Unlike the mean value, the range of values in the K 1 width is distributed in a different way. At very low latitudes, 5 to 15
• , the width of the distribution increases and it decreases afterward until a little above the mid-latitude belt (55 • ). After 55
• there is again a tendency to increase in the range of the K 1 width until the polar regions. A similar trend is observed in the southern hemisphere, too. The range of values (Max. -Min.) of the K 1 width at each latitude indicates the extent of variations, but to give a weight to each value in the histogram and to uniformly compare the spread in distribution at each latitude, we have fitted a Gaussian to the histogram. The fourth and seventh columns of Table 1 give the values of the FWHM of the distribution for the K 1 and K 2 widths for various latitudes in both hemispheres. As expected, the FWHM of the distribution of the K 1 and K 2 widths is broader for the equatorial belts up to 30
• compared to that for mid-latitude belts up to 60
• as seen from Figure 4 and Table 1. The K 1 width increases with latitude due to two components, one with latitude (center to Limb variation) and the other with solar activity. Table 1 also shows that the FWHM of the distribution of the K 1 width is maximum (∼30%) in the equatorial belts up to 30
• latitude and minimum (∼6%) in the mid-latitude belts at 40-60
• latitude. The FWHM of the distribution in polar regions has an intermediate value (∼11%), almost twice the minimum value at mid-latitude belts.
Phase Difference in the Maximum Activity at Different Latitude Belts
Further, we computed the cross-correlations (CCs) between the activity at the 35
• latitude belt and at other latitude belts to understand how the activity in other belts lags or leads the activity at the 35
• latitude belt. The 35
• latitude was chosen because at the beginning of the new solar cycle the activity is expected to begin at around 35
• . The computed CC is shown in Figure 5 as colored dots for various latitude belts. The top left panel in Figure 5 shows the variation of CCs for 5
• (blue dots), 15
• (red dots), 25
• (green dots), and 80
• (violet dots) northern latitude belts with the 35
• latitude belt as a function of phase difference. The bottom left panel shows the same for the 45
• (blue dots), 55
• (red dots), and 65
• (green dots) with the 35
• latitude belt. The right panels show the respective CCs for the southern latitude belts. We then experimented with fitting the CC data with polynomials of various degrees to quantify the phase differences and found the eight-degree polynomial fit to be the best; we show this in Figure 5 . The values of the maximum CCs, its significance values, and phase differences are listed in Table 2 . It may be noted that the values of the CCs for the latitude belts >55
• are lower because of the small amplitude of the variations in the K 1 width with solar cycle at higher belts as seen in the time series. Nevertheless, the power spectral analysis indicates the existence of ∼11 yr periodicity in the K 1 width at higher latitude belts, too, even though the length of the data is smaller, covering about two solar cycles. Therefore, the phase differences determined for these belts are also believable. The values of the phase shift indicate that in the northern hemisphere, the toroidal field shifted from mid-latitude belts toward the equator uniformly at a rate of 1.
• 1/month (5.1 m s −1 ). However, in the southern hemisphere, it shifted at a faster rate, ∼3
• /month, in the beginning of the cycle and later decreased with time, yielding an average speed of 1.
• 6/ month (7.5 m s −1 ) toward the equator. The negative (southern) and positive (northern) phase differences between the 35 and 45
• latitude belts indicate that the activity begins at a higher latitude or earlier in the southern hemisphere as compared to the northern hemisphere.
Further, the CC of 35
• with the polar regions yields two peaks, one for the maximum activity at polar regions for solar cycle 22 and other for cycle 23 with a significance level ∼99% for the northern and ∼90% for the southern belts. The CCs indicate that peak in the activity at the polar region for the northern hemisphere occurred ∼92 months before and again ∼77 months after the beginning of solar cycle 23. The corresponding values for the southern hemisphere are 99 and 50 months. Thus, the interval between the maximum activity at the polar regions for cycles 22 and 23 is ∼169 months for the northern hemisphere and ∼149 months for the southern hemisphere.
DISCUSSIONS AND CONCLUSIONS
The relation between the observed soft X-ray fluxes of the corona and the Ca ii H and K fluxes that follow the solar/ stellar cycle is well known (Schrijver et al. 1990 ). Leighton (1959) found a correlation between the regions of magnetic fields and Ca-K emissions in plage regions, and Skumanich et al. (1975) found a correlation between the network brightness and magnetic fields. A relationship between the Ca-K network brightness and the magnetic field strength was confirmed by Nindos & Zirin (1998) . The study of variations in the Ca-K line over a solar cycle indicate that the K 1 width is larger during the maximum phase, implying that it increases with magnetic field (White & Livingston 1981) .
Therefore, the FWHM of the distribution represents the variation of the magnetic field during the solar cycle at that latitude. In other words, it represents the difference in magnetic field strength at the maximum and minimum phases of the solar cycle. It appears that variations in the K 1 and K 2 widths occur because of variations in the toroidal magnetic field in the equatorial belts up to about 40
• latitude and in the poloidal magnetic field for latitude belts >40
• latitude. Therefore, it can be inferred that variations of about 30% in the K 1 width in the equatorial belts over the solar cycle are because of variations in the toroidal magnetic field that shifted with a velocity of 1.
• 1/ month (5.1 m s −1 ) in the northern hemisphere and 1.
• 6/month (7.5 m s −1 ) in the southern hemisphere toward the equator. Muller & Roudier (1994) reported that small-scale magnetic field dominated in the latitude belt of 40-70
• which may not be correlating with the solar cycle. Raouafi et al. (2007) found that the magnetic field elements are relatively flat between 55
• and 75
• and then they decrease by more than 50% toward the pole. On the other hand, Jin & Wang (2012) restricted their analysis of the solar cycle variation of the magnetic field only up to 60
• , but reported detecting fewer magnetic elements and more noise while approaching the polar regions.
If plages are due to the toroidal field, then it can cause about 30% variation in the K 1 line width. Then the observed 11% variation in the line width in the polar region should originate from the variation in the magnetic field at polar regions with solar cycle phase. Contrary to the findings of Raouafi et al. (2007) , we find that the magnetic field increases in polar regions by 100% over the cycle in comparison with the mid-latitude belts as the K 1 width is related to the strength of the magnetic field. The observed increase in activity in the polar region is anticorrelated with the equatorial regions, in agreement with the findings of Makarov et al. (2004) that the cycle of Ca-K bright points at polar regions precede the sunspot cycle by 5.5 yr on average. It is difficult to interpret the shift of activity (poloidal fields) in the mid-latitude belts (45
• and 55 • ) because of the presence of positive and negative phase differences with the 35
• belt. The analysis of the data with a resolution of 3-5
• in latitude and observations for longer periods may yield better understanding about the shift in activity in the mid-latitude region. Finally, the large interval of about 13 yr between the maximum of the polar fields during solar cycles 22 and 23 may be responsible for the extended minimum in cycle 23 and the delay of the beginning of cycle 24.
In conclusion, we can say that (1) the Ca-K line profile observations are effective for studying the latitudinal variation of solar activity and especially the polar region magnetic field, (2) no symmetry is found in the northern and southern hemispheres in terms of the speed of shifting toroidal field toward the equator, (3) no uniformity is found in the speed of movement of the poloidal field toward polar regions, and (4) there are less variations in the poloidal field at the mid-latitude belts (40-60
• ) as compared to those for the polar regions. These results will have very important implications on the solar dynamo and meridional flow modeling, and, further, will be useful for polar activity studies. These findings indicate that continuation of these observations with improved methodology by using a cylindrical lens as an objective to focus the image of the Sun alone along the latitude direction on the slit of the spectrograph to obtain the spectra of Ca-K line will be very valuable data in understanding the drift of activity with latitude, especially in polar regions.
